Pyrenidium is a lichenicolous genus which was included in the family Dacampiaceae (Pleosporales) based on morphological characters. The classification of this genus within Dacampiaceae has been controversial due to the lack of sequence data. In this study, the genus Pyrenidium is sequenced for the first time using five freshly collected specimens belonging to the generic type and two other species. Although the morphology of Pyrenidium is quite similar to other genera of Dacampiaceae, phylogenetic analyses from nuLSU and nuSSU sequence data demonstrate that Pyrenidium is distantly related to Dacampiaceae and it forms a distinct lineage within the Dothideomycetes. Therefore, we resurrect the family Pyrenidiaceae to accommodate Pyrenidium. Morphological descriptions of the sequenced specimens of Pyrenidium are provided and include the description of a new species, P. borbonicum.
Introduction
Dacampiaceae Körb. belongs to the order Pleosporales. Members of this family are represented by lichenicolous, lichenized and saprobic fungi which are characterized by blackish, perithecioid ascomata, pseudoparenchymatous exciple and brown ascospores (Hyde et al. 2013 , Wijayawardene et al. 2018 . Dacampiaceae was introduced by Körber (1855) and six genera are currently included: Aaosphaeria Aptroot., Dacampia A. Massal., Leptocucurthis Aptroot., Pseudonitschkia Coppins & S.Y Kondr., Pyrenidium Nyl. and Weddellomyces Hawksw. (Hyde et al. 2013 , Ertz et al. 2015 , Wijayawardene et al. 2018 , Doilom et al. 2018 .
Pyrenidium was introduced by Nylander (1865), with P. actinellum Nyl. as the type species. Species of the genus are all lichenicolous and have perithecioid ascomata that often have bluegreen pigment located in upper peridial wall, and ascomata are immersed to erumpent in host thalli with the upper part exposed, or that are prominent but covered by tissue of the host thalli, sometimes causing gall-like malformations of the host (Hawksworth 1982, Eriksson & Hawksworth 1993 , Matzer 1996 , Pirogov 2014 , Lendemer 2017 , Muscavitch et al. 2017 , Diederich et al. 2018 . The genus has been placed in Pyrenidiaceae Zahlbr., however, as Pyrenidium shares some similar morphological characters with Dacampia (Dacampiaceae Körb.), Hawksworth (1980) suggested a close relationship between Dacampiaceae and Pyrenidiaceae and the latter has been considered as a synonym of Dacampiaceae (Lumbsch & Huhndorf 2010 , Hyde et al. 2013 , Wijayawardene et al. 2014 , Jaklitsch et al. 2016 . Crivelli (1983) suggested that Pyrenidium is similar to Dacampia by having similar ascomatal structures and wall tissues (Hawksworth 1977 , Crivelli 1983 . However, these taxonomic assumptions have not been verified based on phylogenetic anlayses due to the lack of sequence data. In this paper, we aim to provide morphological and molecular data for the genus Pyrenidium to clarify its phylogenetic placement. A phylogenetic tree including new sequence data from Pyrenidium generated by nuLSU and nuSSU is provided. Detailed morphological descriptions and illustrations of materials collected in Belgium, Madagascar and Reunion Island are included with notes.
Materials & Methods

Sample collection, morphological study and isolation
Voucher specimens from Belgium, Madagascar and Reunion Island collected by the second author are deposited in BR (Meise Botanic Garden). They were morphologically studied and photomicrographs were made following the method of Thambugala et al. (2015) . Dried herbarium materials were examined using a Motic SMZ 168 dissecting microscope to locate and isolate ascomata. Hand section of the fruiting structures were done and mounted in water, 5% KOH (K), or 1% I2 Lugol's reagent without (I) or with KOH pre-treatment (K/I) for microscopic studies and photomicrography. The taxa were examined using a Nikon ECLIPSE 80i compound microscope and photographed with a Cannon 600D digital camera fitted to the microscope. Measurements were made by Tarosoft (R) Image Frame Work program. Photoplates were prepared by using Adobe Photoshop CS6 Extended version 10.0 software (Adobe Systems, USA).
DNA extraction, PCR amplification and sequencing
Well-preserved and freshly collected specimens were used for sequencing. Hand sections of the hymenium were used for direct PCR as described in Ertz et al. (2015) . The outer wall of perithecia was removed with a sterile razor blade to isolate the hymenium. The material was then added into a tube containing the PCR reaction mixture and amplified directly. Amplification reactions were prepared for 50 µl final volume containing 5 µl 10× DreamTaq Buffer (Thermo Scientific; www.thermoscientific.com/onebio), 1.25 µl of each of the 20 µM primers, 5 µl of 2.5 mg ml-1 bovin serum albumin (Thermo Scientific #B14), 4 µl of 2.5 mM each dNTPs (Thermo Scientfic), 1.25 U Dreamtaq DNA polymerase (Thermo Scientific), and tiny fragments of fungal material. DNA amplification was performed by polymerase chain reaction (PCR) using the primer pairs LIC15R (Miadlikowska et al. 2002) and LR6 (Vilgalys & Hester 1990) to amplify the partial ribosomal RNA for the nuclear large subunit (28S, nuLSU), nssu131 (Kauff & Lutzoni 2002 ) and NS24 (Gargas & Taylor 1992) to amplify the partial ribosomal RNA for the nuclear small subunit (18S, nuSSU). The yield of the amplified products was verified by running the products on 1% agarose gel stained with ethidium bromide. Both strands were sequenced by Macrogen® using the same primers as for the PCR amplifications. Additional primers were used for sequencing LR3 for nuLSU (Vilgalys & Hester 1990) , and nssu1088 and nssu1088R for nuSSU (Kauff & Lutzoni 2002) . Sequenced fragments were assembled with Sequencher v.5.3 (Gene Codes Corporation, Ann Arbor, Michigan). Sequence data were subjected to MEGABLAST searches to verify their closest relatives and to detect potential contaminations. The Pyrenidiaceae was a synonym of Dacampiaceae, however based on our phylogenetic results herein we resurrect the family Pyrenidiaceae. It includes only the genus Pyrenidium (Fig. 1) .
Pyrenidium Nyl., Flora, Regensburg 48: 210 (1865) Type species -Pyrenidium actinellum Nyl. Ascomata perithecioid, densely grouped or dispersed over large areas of the thallus sessile or immersed in the host-thallus, usually black, in longitudinal section subglobose to broadly ovoid or pyriform, often with light greenish-blue tint in ostiolar channel. Peridium with isodiametric to elongated cells, brown to dark brown. Hymenium hyaline, I-, KI-. Hamathecial filaments numerous, persistent, pseudoparaphyses, branched and anastomosing and periphyses nonbranching, apical cells not enlarged. Asci 4-8-spored, bitunicate, shortly pedicellate, I-, KI-, ocular chamber not distinct. Ascospores dark brown, often paler brown in the spore tips, smooth. Asexual morph: Unknown.
Notes -Lichenicolous, associated with various unrelated hosts occurring on various substrates such as bark, rock, soil, bryophytes or living leaves. The genus Pyrenidium has a cosmopolitan distribution (Hawksworth 1980 , 1983 , Matzer 1996 , Navarro-Rosinés & Roux 2007 , Knudsen & Kocourková 2010 , Aptroot 2014 , Doilom et al. 2018 . to reddish brown pseudoparenchymatous cells, arranged in textura angularis to textura prismatica, inner layers comprising hyaline cells. Hamathecium composed of dense, filiform, anastomosed, cellular pseudoparaphyses 1.5-2.5 µm wide (1.5-2.5 µm wide, Doilom et al. 2018) , constricted at the septa, embedded in a gelatinous matrix. Asci 75-80 × 12-16 µm (n = 3) (40-88 × 11-18 µm, Doilom et al. 2018 ) , 4-spored, subcylindrical, apically rounded with indistinct ocular chamber. Ascospores 18-26 × 7.5-11 µm (x ̅ = 23.1 × 9.5 µm, n = 30) (19-27 × 7-9 µm, Doilom et al. 2018) , overlapping 1-2-seriate, pale brown in immature state, reddish brown to dark brown in mature state, paler in the spore tips, oblong to ellipsoidal, or fusiform, rounded or obtuse at the apex, usually 3-septate, constricted at the septa with the two inner cells much larger than the end cells. Asexual morph: undetermined.
Material examined -BELGIUM, Aywaille, right bank of the Amblève river, Heid des Gattes, 200 m elev. sandstone rocky slope with Anema, on the lichen Scytinium plicatile, 2011, Ertz 16557 (BR).
Notes -Pyrenidium actinellum was introduced by Nylander (1865), and was described from Scytinium teretiusculum (Wallr.) Otálora et al. sensu lato (= Leptogium teretiusculum (Wallr.) Arnold). The type specimen was described and illustrated in more details by Doilom et al. (2018) . Pyrenidium actinellum is characterized by perithecioid ascomata with a bluish green hue (not or barely visible in our specimen 16557, and in the type according to the figure in Doilom et al. (2018) , 4-spored, subcylindrical asci and brown to dark brown, paler at the ends, ellipsoidal, 3septate ascospores (Hawksworth 1983 , Navarro-Rosinés & Roux 2007 , Knudsen & Kocourková 2010 .
The type specimen of P. actinellum and our sequenced specimen 16557 grow on the cyanolichen genus Scytinium (S. teretiusculum and S. plicatile respectively). The latter specimen differs from the type specimen by larger perithecia, which are semi-immersed on the host thalli. Pyrenidium actinellum has been reported from a wide range of lichen hosts, but our molecular analyses suggest that more species are involved in this complex, of which one is described here as new. Sequencing of specimens of P. actinellum sensu lato from other hosts lichen genera will likely reveal a higher cryptic diversity in the genus.
Pyrenidium cf. actinellum Nyl. (150-190 µm diam, Doilom et al. 2018) , (x ̅ = 187 × 146 µm, n = 5), numerous, evenly dispersed over large areas of the thallus, immersed in the host-thallus, only the upper, blackish part of the ascomata visible, ascomata in longitudinal section subglobose to broadly ovoid, with light greenishblue tint it ostiolar channel. Peridium 22-36 µm wide, composed of 5-9 layers of textura prismatica, with isodiametric to elongated cells, brown to dark brown. Hymenium not inspersed. Hamathecial filaments numerous, persistent, composed of pseudoparaphyses, 1-2 µm diam., richly branched and anastomosing, developing between the asci, and periphyses 1-2 µm wide (1.5-2.5 µm wide, Doilom et al. 2018) , with light greenish-blue tint in ostiole region, apical cell not enlarged. Asci 51-115 × 12-18 µm (x ̅ = 84 × 16 µm, n = 20), (40-88 × 11-18 µm, Doilom et al. 2018 ), 4-spored, narrowly ellipsoid, ocular chamber not distinct. Ascospores 20-25 × 6-11 µm (x ̅ = 23 × 9 µm, n = 20), (19-27 × 7-9 µm, Doilom et al. 2018) , biseriate, partially overlapping, dark brown, K+ turning black, often paler brown in the spore tips, narrowly ellipsoid, 3-septate, sometimes slightly curved toward the ends, constricted at the septa, without a gelatinous sheath. Asexual morph: undetermined.
Material examined -FRANCE, Reunion; Cilaos, trail to the Col du Taibit, just before the pass, ca 2,010m, 21˚06'47"S, 55 ˚26'03"E, rocky slope under Erica gr arborea on the edge of a path, on Solorina simensis (Peltigeraceae) 2012, Ertz 18063 (BR).
Notessee under Pyrenidium actinellum sensu stricto. Our specimen likely represents P. actinellum because of a similar morphology and our phylogenetic results (Fig. 1) . However, as the 643 host lichen genus is different, we refrain to include it into P. actinellum sensu stricto until the host range will be studied. Ascomata 45-106 × 33-79 µm (x ̅ = 73 × 53 µm, n = 10), solitary or crowded, immersed in gall-like malformations of the host thallus, blackish part arises from host thallus, 2-15 ascomata in one gall, galls strongly convex, of the same colour of the thallus, 0.4-1.3 mm, ascomata in longitudinal section subglobose to broadly ovoid, with light greenish-blue tint in ostiolar channel. Peridium 9-12 µm wide, composed of 3-9 layers of textura prismatica, with isodiametric to elongated cells, brown to dark brown. Hymenium not inspersed. Hamathecial filaments numerous, composed of pseudoparaphyses, 1-3 µm diam., richly branched and anastomosing, developping between asci, and periphyses 15-20 × 3-4 µm (x ̅ = 18 × 3 µm, n = 10), with light greenish-blue tint in ostiole region, apical cell not enlarged. Asci 48-87 × 11-18 µm (x ̅ = 71 × 14 µm, n = 20), 8spored, narrowly ellipsoid, ocular chamber not distinct. Ascospores 18.8-22.2 × 7-8.5 µm (x ̅ = 21 × 7 µm, n = 20), biseriate, partially overlapping, dark brown, K+ turning black, often paler brown in the spore tips, narrowly ellipsoid, 3-septate, often slightly curved, sometimes slightly curved toward the ends, constricted at the septa, smooth, without a gelatinous sheath. Asexual morph: undetermined.
Material examined -REPUBLIC OF MADAGASCAR, Province. Diego Suarez, Antsiranana, W of Sambava, Marojejy National Park, along the trail from Camp Simpona to summit, 1853 m, 14º26'41"S, 49º44'13"E, rather dense humid montane forest grading into dense sclerophyllous upper montane forests, on twig of shrub, on Parmeliaceae, 20 October 2014, Ertz 20089 (BR) .
Notes -Pyrenidium aggregatum was described from USA by Knudsen & Kocourkova (2010) . Our specimen fits well P. aggregatum which is characterized by distinct convex galls, with completely immersed perithecia, 8-spored and rather small ascospores. The holotype of P. aggregatum was reported from Phaeophyscia rubropulchra (Physciaceae), while our collection is reported from Parmeliaceae. Thus, we prefer to use "aff." for our specimen because of the different lichen family of the host and the distant geographic locality (Madagascar). (Ertz 18066) biseriate, partially overlapping, dark brown, K+ turning black, often pale brown in the spore tips, narrowly ellipsoid, 3-septate, sometimes slightly curved toward the ends, constricted at the septa, without a gelatinous sheath. Asexual morph: undetermined.
Pyrenidium borbonicum
Additional material examined -FRANCE, Reunion Island, Cilaos, forest of Grand Matarum, trail to the Piton des Neiges, ca 1,150 m, 21º07'13"S, 55º29'03"E, on rock, on Sticta, 11 December 2012, Ertz 18031 (BR). 646 Notes -Pyrenidium borbonicum differs from P. aggregatum by the absence of strongly convex gall formation (Knudsen & Kocourkova 2010) . It differs from P. actinellum by 8-spored asci and narrower ascospores. Phylogenetically, P. borbonicum forms a distinct lineage with high bootstrap supports (MP 100%/ML 100%/ BYPP 1.00, Fig. 1) . 
Discussion
The family Dacampiaceae was shown to be polyphyletic by Ertz et al. (2015) , with several genera (viz. Clypeococcum, Munkovalsaria and Polycoccum) transferred to other families and orders. Dacampiaceae was placed in the Pleosporales based on DNA sequence data of its type genus (Dacampia). Since then, the monophyly of Dacampiaceae as currently accepted has never been tested, and there is a lack of molecular data for its six other currently accepted genera. Our phylogenetic analyses using new nuLSU and nuSSU sequence data indicate that Pyrenidium does 649 not belong to the Dacampiaceae (Fig. 1 ). Despite these phylogenetic analyses, Dacampiaceae still appears to be a heterogeneous assemblage of genera (e.g. unbranched vs. branched pseudoparaphyses, slit-like vs. punctiform ostiole). Therefore, it is likely that molecular studies of the other genera currently included in Dacampiaceae can lead to further dismantling of the family.
Pyrenidium has affinities with genera of Dacampiaceae by having a lichenicolous habit, perithecioid ascomata, a similar ascus type, and brown ascospores, but differs notably by different type of ascospores (Table 3 ). The closest relatives of Pyrenidium are Natipusillaceae (Natipusillales), Microthyriaceae (Microthyriales) and Zeloasperisporiaceae (Zeloasperisporiales) but these are not well supported (Fig. 1) . A more robust phylogeny is needed to confirm this relationship using markers that are more informative than the nuLSU and nuSSU loci.
The family Natipusillaceae was described for saprobic fungi living on submerged wood in fresh water habitats of the neo-tropical environment (Raja et al. 2012 , Hyde et al. 2013 . Species of Natipusilla differs from Pyrenidium notably by hyaline to light brown ascomata, globose, subglobose or obclavate asci, fusiform to cylindrical, hyaline (but becoming brown with age) ascospores sometimes having gelatinous appendages and a very different life habit being saprobic on submerged wood (Ferrer et al. 2011 , Raja et al. 2012 , Hyde et al. 2013 . Microthyriaceae are reported as epiphytes on dried leaves of plants. In addition to the substrate, species of Microthyriaceae differ from Pyrenidium by thyriothecioid ascomata with hyaline, rarely brown, usually 1-septate ascospores (Müller & von Arx 1962 , Ellis 1976 , Ramaley 1999 , von Arx & Müller 1975 , Barr 1987 , Hawksworth et al. 1995 , Lumbsch & Huhndorf 2010 , Wu et al. 2010 , 2011 , b, Hyde et al. 2013 . Zeloasperisporiaceae are reported as saprobes on dead and living leaves (Wu et al. 2011 , Hongsanan et al. 2015 . This family can be distinguished from Pyrenidium by thyriothecioid, superficial ascomata, globose to ovoid or clavate, apedicellate asci and 1-septate, hyaline, asymmetric ascospores (Jayasiri et al. 2018) . Based on our molecular results and the morphology, the family Pyrenidiaceae is resurrected from its synonymy with Dacampiaceae.
Pyrenidium actinellum has been recorded from a wide range of lichen host genera (e.g. Hawksworth 1983 ) but the species is considered to be heterogeneous. In our phylogenetic analyses, specimen '16557' from Belgium grows on the same lichen host genus as the type, i.e. Scytinium plicatile. It also shares morphological characters with the lectotype of P. actinellum, such as the 4spored asci (Table 2) . Therefore, we consider specimen 16557 to represent P. actinellum sensu stricto.
Most of the 2000 obligately lichenicolous taxa known worldwide are assumed to be restricted to a single host genus (Diederich et al. 2018) . In our phylogenetic tree, specimen '18063' from Reunion groups with P. actinellum sensu stricto (strain Ertz 16557). The vouchers also have 4spored asci and probably belong to the same species. Interestingly, specimen '18063' has a different host genus (=Solorina), suggesting that P. actinellum can grow on different host lichen genera (Scytinium and Solorina). However, further studies should test if P. actinellum sensu stricto is also able to grow on lichens having green algae as photobiont (cyanobacteria in Scytinium and Solorina). This species is also reported from different lichen genera having trebouxioid photobionts such as Caloplaca, Phaeophyscia, Teloschistes and Trapeliopsis (e.g. Navarro-Rosinés & Roux 2007). The closest relative of these two specimens of P. actinellum is P. aff. aggregatum (specimen 20089) from Madagascar. It differs from P. actinellum sensu stricto notably by the formation of strongly convex galls, more immersed perithecia, 8-spored asci and a lichen host having trebouxioid photobiont (Table 2 ). The new species P. borbonicum from Reunion is more similar to P. aff. aggregatum by its 8-spored asci and size of ascospores, but it is phylogenetically distinct from P. cf. actinellum and P. aff aggregatum (Fig. 1) . A hidden diversity might be expected in this genus as revealed by the discovery of the new species that is genetically clearly deviant from P. actinellum, a name that perhaps has been misused for the identification of Pyrenidium specimens from various host genera. Matzer (1996) Textura angularis with thick-walled, reddish to dark brown cells.
Bitunicate, subcylindrical, apically thickened ocular chamber, 8-spored.
1-2-seriate, pale brown to dark brown, in mature state, wall not distinctly paler in the spore tips, muriform, ellipsoid to fusiform, often constricted at the septa, smooth, without visible gelatinous sheath. Lutzoni et al. 2004 , Zhang et al. 2009 , Hyde et al. 2013 , Ertz et al. 2015 .
Pyrenidiaceae
Ascomata perithecioid, blackish with a central ostiole.
Some species with light greenish-blue tint in ostiole. Includes lichenicolous.
Textura angularis to
Textura prismatica with thick-walled, composed of several layers of dark brown to reddish brown.
Bitunicate, narrowly ellipsoid, shortly pedicellate, 4-8-spored.
1-2-seriate, reddish brown to dark brown in mature state, paler in , the spore tips, oblong to ellipsoidal, or fusiform usually 3-septate, constricted at the septa, smooth-walled, with the two inner cells often much larger than the end cells, without visible gelatinous sheath.
This study
